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(57) A TFR filter (200) and method which utilizes in- 
ductance with at least one of a plurality of TFR compo- 
nents (21 0,220,230) of the filter. The TFR filter includes 
a plurality of TFR components (210, 220,230) typically 
arranged in an alternating series branch/shunt branch 
fashion. An inductor element (240,245,250) may be 



placed in series and/or parallel with at least one of the 
TFR components of the filter. The method provides the 
ability to increase pole-zero separation of the series 
branch and/or shunt branch TFR components while 
maintaining an acceptable return loss performance of 
the filter, so as to improve overall bandwidth. 
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Description 

Field Of The Invention 

[0001] The present invention relates to thin film reso- 
nator (TFR) filters, more particularly to bandwidth wid- 
ening for a TFR filter. 

Description Of The Related Art 

[0002] Thin film resonators (hereinafter 'TFR") are 
typically used in high-frequency environments ranging 
from several hundred megahertz (MHz) to several giga- 
hertz (GHz). A TFR component typically comprises a pi- 
ezoelectric material interposed between two conductive 
electrodes, one of which is formed on a support struc- 
ture such as a membrane, or on a plurality of alternating 
reflecting layers formed on a semiconductor substrate 
which may be made of silicon or quartz, for example, or 
on another support structure. The piezoelectric material 
is preferably one selected from the group comprising at 
least ZnO, CdS and AIN. The electrodes are formed 
from a conductive material, preferably of Al, but may be 
formed from other conductors as well. 
[0003] TFR components are often used in filters, more 
particularly in TFR filter circuits applicable to a myriad 
of communication technologies. For example, TFR filter 
circuits may be employed in cellular, wireless and fiber- 
optic communications, as well as in computer or com- 
puter-related information-exchange or information- 
sharing systems. 

[0004] The desire to render these increasingly com- 
plicated communication systems portable and even 
hand-held place significant demands on filtering tech- 
nology, particularly in the context of increasingly crowd- 
ed radio frequency resources. TFR filters must meet 
strict performance requirements which include: (a) be- 
ing extremely robust, (b) being readily mass-produced 
and (c) being able to sharply increase performance to 
size ratio achievable in a frequency range extending into 
the gigahertz region. However, in addition to meeting 
these requirements, there is a need for low passband 
insertion loss simultaneously coupled with demand for 
a relatively large stopband attenuation. Moreover, some 
of the typical applications noted above for these TFR 
filters require passband widths up to 4% of the center 
frequency (for example, for a 2 GHz center frequency, 
this would be a bandwidth of about 80 MHz). This is not 
easily achieved using common piezoelectrics such as 
AIN, especially on solidly mounted resonators. 
[0005] A conventional electrical circuit model for 
these TFR components is illustrated in Fig. 1 . The circuit 
model is a Butterworth-Van Dyke model (BVD), and is 
comprised of a series RLC line which represents the mo- 
tional (acoustic) resonance of the TFR between an input 
terminal 1 0 and output terminal 20, as shown in Fig. 1 . 
The series RLC line is in parallel with a capacitor C 0 rep- 
resenting the parallel plate capacitance (static capaci- 



tance) of the electrodes of the TFR component. 
[0006] Impedance analysis of the BVD model illustrat- 
ed in Fig. 1 yields a set of two resonant frequencies, a 
zero resonant frequency ("zero") followed by a pole res- 
5 onant frequency ("pole"). These zero and pole resonant 
frequencies of a TFR component are illustrated in Fig. 
2. The resonant zero frequency "f zero " is the frequency 
at which the series RLC of the circuit in Fig. 1 shorts out, 
where: 

10 
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30 



fzero — 



X/lc 



LC -2x 



(1) 



and the resonant pole frequency "f po , e " is the frequency 
at which the entire circuit acts as an open circuit, and is 
defined by: 



fpole = 



VLC7 -2tt 



(2) 



where 



1/b,andb=i + ^. 



Thus, since Ct < C, f te is slightly greaterthan f zero . This 
is shown graphically as impedance (Z) versus frequency 
(f) in Fig. 2, where it can be seen that there is a slight 

35 spread between f poIe and f zero . This spread, or frequen- 
cy distance (Af) is, for example, about 40 MHz for a f pole 
= 2.0 GHz, or about 2% of the resonant pole frequency 
when using AIN as the piezoelectric in conjunction with 
reflecting layers on a solidly mounted substrate. The 

40 separation between zero and pole is dependent on a 
piezoelectric acoustic coupling coefficient known as K 2 . 
This coefficient is a measure of how much of the acous- 
tic energy is coupled into electrical, and varies with the 
piezoelectric material used in the TFR. Thus, Af is not a 

45 design parameter within the BVD model, but rather is 
dependent on the piezoelectric material of the TFR com- 
ponent (i.e., the size of K 2 is directly related to the 
amount of separation between pole and zero resonanc- 
es). 

so [0007] A standard approach to designing filters out of 
resonators is to anange them in a "T-Cell" configuration 
alternately in a series-shunt relationship (i.e., a "shunt" 
resonator connected in shunt at a terminal between two 
"series" resonators). Each of the shunt and series res- 

55 onators has a pole resonance and a zero resonance. To 
achieve a bandpass filter response, it is common to shift 
the pole frequency of the shunt TFR component down 
in frequency to align with the zero frequency of the se- 
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ries TFR components. This shifting of shunt TFR com- 
ponent pole frequencies down in an attempt to match 
the series TFR components' pole frequencies is typically 
accomplished by adding some material (such as a met- 
al, metal oxide, etc.) to the top electrode of the shunt 5 
TFR component. 

[0008] Currently, the conventional way of designing 
TFR ladder filters is to design simple building blocks of 
TFR components which are then concatenated together 
(connected or linked up in a series or chain). In a sim- 
plified view, concatenation helps to achieve a larger 
stopband attenuation for the filter because each individ- 
ual linked up section in the chain successively filters the 
signal more as it passes through the chain. Fig. 3 illus- 
trates this simple building block, commonly known as a 
T-Cell. Referring specifically to Fig. 3, a T-Cell building 
block 1 00 includes three TFR components 1 1 0, 1 20 and 
130. TFR components 110 and 120 are each "series 
arm" portions of the T-Cell block, being connected in se- 
ries between an input port 115 and node 135, and be- 
tween node 135 and an output port 120 of T-Cell 100. 
TFR component 130 comprises the "shunt leg" portion 
of T-Cell 100, being connected in shunt between node 
135 and ground. A TFR filter typically has a plurality of 
these T-cells concatenated together. 
[0009] One problem with a TFR filter is that since the 
passband width is limited by the material parameter K 2 , 
the filter suffers poor flexibility in widening the passband. 
The underlying problem is that the TFR component has 
a resonant pole frequency and a resonant zero frequen- 
cy that lie close together, as shown previously in Fig. 2. 
Typically, in order to attempt widening the bandwidth for 
a TFR filter, the shunt TFR resonant frequency set (pole 
and zero) must be shifted further down. However, as the 
pole and zero resonant frequencies of the shunt TFR 
are shifted farther away from the series resonator fre- 
quencies, a "bump" quickly forms in the return loss re- 
sponse in the center of the band. This bump is an indi- 
cator that the TFR filter is becoming more "unmatched" 
to 50 ohms (the characteristic impedance of the filter), 
and illustrates the drop off in return loss match perform- 
ance. More particularly, the bump in the return loss re- 
sponse in turn has an effect of limiting the amount of 
bandwidth achievable because eventually the "bump" 
will cause the filter to fail its return loss specification. 
[0010] In the past, inductor compensation has been 
utilized with TFR filter circuits. Primarily, inductor com- 
pensation has been used in shunt with the TFR compo- 
nents as a method for manipulating the out-of-band 
(stopband) response. Specifically, inductor compensa- 
tion was used for increasing rejection closer to the pass- 
band at the expense of further out rejection performance 
by effectively resonating out the parallel plate capaci- 
tance, C 0 . However, inductor compensation has not 
heretofore been used in an effort to achieve wider band- 
width of a TFR filter over that currently obtainable, 
[001 1 ] Accordingly, there is a need for a TFR filter and 
method which can provide increased resonant pole-ze- 
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ro separation to improve overall bandwidths of the TFR 
filter. This would require a TFR filter and method which 
enables the pole-zero separation to be increased while 
still maintaining an acceptable return loss performance. 

Summary Of The Invention 

[0012] The present invention utilizes inductance to 
provide a TFR filter which may have wider bandpass 
width as compared to that obtainable by a conventional 
TFR filter. The TFR filter circuit of the present invention 
includes a plurality of TFR components incorporated be- 
tween an input port and output port of the filter, and an 
inductor element incorporated with at least one of the 
TFR components. 

Brief Description Of The Drawings 

[0013] The present invention will become fully under- 
stood from the detailed description given hereinbelow 
and the accompanying drawings, wherein like elements 
represent like reference numerals, which are given by 
way of illustration only and thus are not limitative of the 
invention and wherein: 

Fig. 1 illustrates a conventional electrical circuit 
model for a TFR component; 

Fig. 2 illustrates an impedance versus frequency 
graph highlighting zero and pole resonant frequen- 
cies of a TFR component; 

Fig. 3 illustrates a T-Cell used in a conventional TFR 
filter; 

Fig. 4 illustrates the TFR filter circuit of the present 
invention using a series inductance arrangement; 

Fig. 5 illustrates passband insertion loss perform- 
ance for different series inductances with an appro- 
priate shifting of resonant frequency sets; 

Fig. 6 illustrates the passband return loss perform- 
ance for different series inductances with an appro- 
priate shifting of resonant frequency sets; and 

Fig. 7 illustrates the TFR filter circuit of the present 
invention in a parallel inductance arrangement. 

Detailed Description 

[0014] An embodiment of the present invention is di- 
rected to a thin film resonator (TFR) filter which may pro- 
vide improved bandwidth performance by using induct- 
ance incorporated in TFR components of the filter. In- 
corporation as used herein includes inductance which 
can be integral with a TFR component on a substrate, 
coupled and/or connected to a TFR component either 
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as a discrete element between the TFR component and 
another adjacent or adjoining device and/or system 
component, and/or arranged between a TFR compo- 
nent and a ground. 

[0015] Use of inductance enables the zero resonant 
frequencies of the shunt and series TFR components to 
be effectively "pulled" further away from their respective 
resonant pole frequency (i.e., the zero shifts down in fre- 
quency for a series inductance case and the pole shifts 
up in frequency in a parallel inductance arrangement). 
Because pole-zero separation has increased, it is as if 
the effective K 2 of the material has increased. Since 
there is more separation between the pole and zero, the 
detrimental effects of one resonant frequency on the 
other is reduced, providing the opportunity to construct 
wider bandwidth filters for a given level of mismatch tol- 
erance. This provides an overall widening in bandwidth 
as compared to what has been previously obtainable 
without the use of inductance. 

[001 6] Fig. 4 illustrates an example of a TFR filter cir- 
cuit in accordance with the embodiment for the series 
inductance case. Although the TFR circuit 200 of Fig. 4 
only depicts a single T-Cell (for convenience), the TFR 
filter 200 may be formed from a plurality of T-Cells con- 
catenated together, as previously explained regarding 
Fig. 3, or by an arbitrary alternating number of intercon- 
nected series-shunt, shunt series, or any other arrange- 
ment of thin film resonator components. 
[0017] Referring to Fig. 4, TFR filter 200 includes a 
pair of first TFR components 210 and 220 adjacently 
connected between an input port 215 and output port 
225 of the TFR filter 200. First TFR components 210 
and 220 are each series arm portions of the TFR filter 
200. Ports 21 5 and 225 may in turn be connected to ad- 
jacent T-Cells or other system components, (not shown) 
depending on the desired application. Between first TFR 
components 210 and 220, a second TFR component 

230 is connected in shunt to the series arm, between a 
node 235 and ground. Second TFR component 230 
forms the shunt leg of the TFR filter 200. 

[0018] In series with each of the TFR components 
210, 220 and 230 are placed respective inductor com- 
ponents 240, 245 and 250. Specifically, inductor com- 
ponent 240 is arranged in series with series arm TFR 
component 210 between node 21 1 and input port 21 5; 
inductor component 245 is arranged in series with series 
arm TFR component 220 between node 221 and output 
port 225; and inductor component 250 is arranged in se- 
ries with shunt leg TFR component 230 between node 

231 and ground. Although Fig. 4 illustrates an inductor 
component placed in series with each TFR component 
of TFR filter 200, inductor components may alternatively 
be placed in series with at least one, several or all of the 
series arms of the filter, or solely in at least one, several 
or all of the shunt legs of the filter, and/or a combination 
of both depending on the degree of bandwidth widening 
that is desired or required for a particular application.. 
[0019] Fig. 5 illustrates passband insertion loss per- 
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formance for different series inductances and appropri- 
ate resonator set down-shifting. Specifically, Fig. 5 is 
provided to illustrate the improved bandwidth obtainable 
by the series implementation of the present invention. 

5 Referring to Fig. 5, on a graph of insertion loss (y-axis 
in dB) versus frequency (x-axis: 1 block = 0.01 GHz/div 
or 10MHz/div), the individual response curves are plot- 
ted for different inductances in conjunction with in- 
creased down-shifting of the shunt TFR frequency sets 

10 with respect to the series TFR resonator frequency sets. 
Three of the response curves are annotated with com- 
parison. The response curve annotated with a M A W rep- 
resents the bandwidth for a TFR filter without using se- 
ries inductance, and indicates a bandwidth of about 48 

15 MHZ (counting 4.8 blocks at its widest point). The re- 
maining five outer curves illustrate the bandwidth 
achievable using varying inductances and frequency set 
shifting in accordance with the present invention. 
[0020] The amount of inductance used will depend on 

20 the amount of bandwidth widening desired, tempered 
by the need of maintaining an acceptable passband re- 
turn loss performance, which is discussed below. Par- 
ticularly, the more the resonant zero frequencies of the 
shunt and series TFR component are down-shifted 

25 away from their corresponding resonant pole frequen- 
cies, the greater the inductance required. The response 
curves annotated with a "O" and "□ " represent other 
possible bandwidths achievable for the TFR filter in ac- 
cordance with the present invention, indicating pass- 

30 band widths of approximately 75 M Hz and over 90 M Hz 
respectively. 

[0021] Fig. 6 illustrates the passband return loss per- 
formance for different series inductances. Similar to Fig . 
5, several of the response curves are labeled with A, O 
35 and □ symbols for comparison, and correspond to the 
passband insertion loss response curves outlined in Fig. 
5. Referring to Fig. 6, it can be seen that the return loss 
performance varies little between a TFR filter using no 
series inductance (see A), and a TFR filter using varying 
40 amounts of inductance placed in series with the TFR 
resonators (see O and Q and the appropriate down 
shifting of the shunt TFR frequency sets. 
[0022] Therefore, one embodiment of the present in- 
vention provides a TFR filter which uses inductors inse- 
45 ries with at least one, some or all of the TFR components 
of the series arms and/or shunt legs of the TFR filter, in 
order to provide the ability to increase pole-zero sepa- 
ration, and therefore passband width, while maintaining 
an acceptable return loss performance- of the filter. 
50 Moreover, the present invention overcomes the material 
limitations of K 2 to some extent, to provide a TFR filter 
which can be used for typical cellular, wireless and fiber- 
optic communications, as well as in computer or com- 
puter-related information -exchange or information- 
's sharing systems requiring passband widths up to about 
4% of the center frequency (for example, an application 
requiring a filter with a 2 GHz center frequency, this 
would be a bandwidth of about 80 MHz). Further, using 
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this configuration lowers the value of inductance, rela- 
tive to the shunt configuration, and can allow for more 
flexible inductance implementations like wirebonds for 
instance, and requiring less space and inductor parasit- 
ics. 

[0023] The invention being thus described, it will be 
obvious that the same may be varied in many ways. If 
higher inductance value implementation, size and ac- 
cessibility of the bottom electrode are not much of a con- 
cern to the designer, then using inductors in parallel with 
TFR components may also be used to separate pole 
and zero resonant frequencies in a manner somewhat 
similar to that described above regarding series induct- 
ance arrangements. For example, Fig. 7 illustrates a 
TFR filter in accordance with the invention having a par- 
allel inductance arrangement. Fig. 7 is the exact same 
circuit as Fig. 4, but illustrates inductor components cou- 
pled in parallel to TFR components instead of in series. 
Further, and unlike the series arrangement in Fig. 4, 
placed inductor elements in parallel with a TFR compo- 
nents shifts the resonant pole frequency of the TFR 
component up, instead of down-shifting the zero reso- 
nant frequency, to achieve the desirable bandwidth wid- 
ening effect. 

[0024] Referring to Fig. 7, in parallel with each of the 
TFR components 210, 220 and 230 are placed respec- 
tive inductor components 240, 245 and 250. Specifical- 
ly, inductor component 240 is arranged in parallel with 
series arm TFR component 21 0 between node 235 and 
input port 215; inductor component 245 is arranged in 
parallel with series arm TFR component 220 between 
node 235 and output port 225; and inductor component 
250 is arranged in parallel with shunt leg TFR compo- 
nent 230 between node 235 and ground. Although Fig. 
7 illustrates an inductor component placed in parallel 
with each TFR component of TFR filter 200, inductor 
components may alternatively be placed in parallel with 
at least one, several or all of the series arms of the filter, 
or in parallel with at least one, several or all of the shunt 
legs of the filter. Further, the filter may have combination 
of shunt legs and series arms in parallel with inductor 
components, depending on the degree of bandwidth 
widening required or desired by a particular application.. 
[0025] Accordingly, it may also be desirable to com- 
bine both series and parallel inductance arrangements 
in a single TFR filter to improve overall bandwidth of the 
filter. Such variations are not to be regarded as a depar- 
ture from the spirit and scope of the invention, and also 
to modifications as would be obvious to one skilled in 
the art or intended to be included within the scope of the 
following claims. 



Claims 

1 . A thin film resonator (TFR) filter, comprising: 

a plurality of TFR components coupled be- 



tween an input port and an output port; and 

an inductor element incorporated in at least one 
of said plurality of TFR components in said fil- 
5 ter. 

2. The filter of claim 1 , wherein an inductor element is 
placed in series with at least one of said plurality of 
TFR components. 

10 

3. The filter of claim 1, wherein said plurality of TFR 
components are in an alternating arrangement of 
series and shunt branches between said input and 
output ports. 

15 

4. The filter of claim 3, wherein an inductor element is 
placed in series with at least one of said TFR com- 
ponents in said shunt branch. 

20 5. The filter of claim 3, wherein an inductor element is 
placed in series with at least one of said TFR com- 
ponents in said series branch. 

6. The filter of claim 3, wherein a first inductor element 
25 is placed in series with at least one of said TFR com- 
ponents in said series branch; and wherein a sec- 
ond inductor element is placed in series with at least 
one of said TFR components in said shunt branch. 

30 7. The filter of claim 1, wherein an inductor element is 
placed in parallel with at least one of said TFR com- 
ponents. 

8. The filter of claim 3, wherein an inductor element is 
35 placed in parallel with at least one of said TFR com- 
ponents in said shunt branch. 

9. The filter of claim 3, wherein an inductor element is 
placed in parallel with at least one of said TFR com- 

40 ponents in said series branch. 

1 0. The filter of claim 3, wherein a first inductor element 
is placed in parallel with at least one of said TFR 
components in said series branch; and wherein a 

45 second inductor element is placed in parallel with 
at least one of said TFR components in said shunt 
branch. 

11. The filter of claim 1 , wherein said inductor element 
so js at least a wirebond, a stub or a printed inductor. 

12. A thin film resonator (TFR) filter, comprising: 

a plurality of TFR components coupled be- 
55 tween an input port and an output port; and 

a first inductor element placed in series to at 
least one of said plurality of TFR components; 
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and 

a second inductor element placed in parallel to 
at least one of said plurality of TFR compo- 
nents. 

13. The filter of claim 12, wherein said plurality of TFR 
components are in an alternating arrangement of 
series and shunt branches between said input and 
output ports. 

14. The filter of claim 13, wherein said first inductor el- 
ement is placed in series with at least one of said 
TFR components in said series branch. 

1 5. The filter of claim 1 3, wherein said first inductor el- 
ement is placed in series with at least one of said 
TFR components in said shunt branch. 

16. The filter of claim 13, wherein said first inductor el- 
ement is placed in parallel with at least one of said 
TFR components in said series branch. 

17. The filter of claim 13, wherein said first inductor el- 
ement is placed in parallel with at least one of said 
TFR components in said shunt branch. 

18. The filter of claim 12, wherein said first and second 
inductor elements are at least a wirebond, a stub or 
a printed inductor. 

19. A method of widening bandwidth for a thin film res- 
onator (TFR) filter, comprising: 

providing a plurality of first TFR components 
between an input port and an output port; and 

incorporating an inductor element into one of 
said TFR components. 

20. The method of claim 19, wherein said coupling fur- 
ther includes placing an inductor element in series 
with at least one of said plurality of TFR compo- 
nents. 

21. The method of claim 19, wherein said plurality of 
TFR components are coupled in an alternating ar- 
rangement of series and shunt branches. 

22. The method of claim 21 , wherein said coupling fur- 
ther includes placing an inductor element in series 
with at least one of said TFR components in said 
shunt branch. 

23. The method of claim 21 , wherein said coupling fur- 
ther includes placing an inductor element in series 
with at least one of said TFR components in said 
series branch. 



24. The method of claim 21 , wherein said coupling fur- 
ther includes placing a first inductor element in se- 
ries with at least one of said TFR components in 
said series branch, and placing a second inductor 

5 element in series with at least one of said TFR com- 
ponents in said shunt branch. 

25. The method of claim 19, wherein said coupling fur- 
ther includes placing an inductor element in parallel 

10 with at least one of said TFR components. 

26. The method of claim 21 , wherein said coupling fur- 
ther includes placing an inductor element in parallel 
with at least one of said TFR components in said 

15 shunt branch. 

27. The method of claim 21 , wherein said coupling fur- 
ther includes placing an inductor element in parallel 
with at least one of said TFR components in said 

20 series branch. 

28. The method of claim 21 , wherein said coupling fur- 
ther includes placing a first inductor element in par- 
allel with at least one of said TFR components in 

25 said series branch, and placing a second inductor 
element in parallel with at least one of said TFR 
components in said shunt branch. 
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